Background It has been reported that low-viscous and fermentable dietary fiber and nondigestible oligosaccharides enhance mineral absorption. Resistant maltodextrin, nonviscous, fermentable and soluble source of dietary fiber, has several physiological functions. However, influence of resistant maltodextrin on mineral absorption is unclear. Aim of the study We conducted balance studies in rats to investigate effects of resistant maltodextrin and hydrogenated resistant maltodextrin on apparent mineral absorption. Methods In experiment 1 (Exp. 1), 40 rats were fed test diets based on AIN-93G with or without resistant maltodextrin or hydrogenated resistant maltodextrin for 2 weeks. In experiment 2 (Exp. 2), 32 rats were cecectomized (CX) or sham-operated (Sham) and fed diets with or without hydrogenated resistant maltodextrin for 1 week. Results In Exp. 1, ingestion of resistant maltodextrin and hydrogenated resistant maltodextrin dose-dependently enhanced apparent absorption rates of Ca, Mg, Fe and Zn, and increased cecal fermentation with cecal expansion. In Exp. 2, the absorption rates of Ca and Mg were significantly enhanced by ingestion of hydrogenated resistant maltodextrin in Sham group but not in CX group. The promotion of Fe and Zn absorption was not affected by cecectomy.
Background
It has been reported that fructo-oligosaccharides [16] , guar gum hydrolysate [5] and lactulose [1] increase mineral absorption as food materials. Those studies revealed that intestinal fermentation has positive effects on mineral absorption. Similarly, resistant maltodextrin, nonviscous soluble dietary fiber, is readily fermentable in the large intestine [10] , and it may have effect on mineral absorption likewise.
Resistant maltodextrin (RMD) is produced from starch by heat and enzymatic treatments [11] , and contains a mixture of oligo-and poly-glucosides with a random distribution of glycosidic linkages of 1-2 and 1-3 in addition to 1-4 and 1-6, which makes itself resistant to digestive enzymes. Therefore, most part of RMD is nondigestible and reaches the large intestine. RMD is a nonviscous fermentable soluble source of dietary fiber with an average molecular weight of 2000. Hydrogenated resistant maltodextrin is obtained by hydrogenation of RMD to suppress browning. Both are highly safe [18] and low-caloric food ingredients [15] . There have been many beverage and food products worldwide, in which RMD was incorporated.
Recently, it has been reported that RMD has physiological effects in human such as improvement of bowel movement [13] , improvement of glucose tolerance [2] , and attenuation of postprandial blood triglyceride elevation [7] . It was reported that RMD does not inhibit diffusion of metal ions in vitro [9] ; however, effects of RMD in vivo on mineral absorption such as calcium, magnesium, zinc and iron, has not been investigated.
The purposes of this study were to examine effects of resistant maltodextrin and hydrogenated resistant maltodextrin on apparent mineral absorption in rats by balance studies, and association of the cecal fermentation with the effects by using the cecectomized rats.
Materials and methods

Materials
Resistant maltodextrin (Fibersol 2, referred as FS2) and hydrogenated resistant maltodextrin (Fibersol 2H, referred as FS2H) are products of Matsutani Chemical Industry Co., Ltd. (Hyogo, Japan). Dietary fiber content of FS2 and FS2H served for this study were 88 and 87%, respectively, by AOAC Official Method 2001.03 [3] .
Experimental methods
Experiment 1: effect of resistant maltodextrin on apparent mineral absorption in rats Male Sprague-Dawley rats (Clea Japan Inc., Tokyo, Japan), 5 weeks old, were housed individually in wirebottom cages so that feces were separated to collect. The cages were placed in a room with controlled temperature (22 ± 2°C), relative humidity (40-60%) and lighting (lights from 08:00 to 20:00) through the experiment. Rats were given free access to deionized water and powdered semi-purified diet based on AIN-93G for 5 days to acclimatize, and were divided into 5 groups of 8 rats in a randomized block design based on body weight, followed by free access to the test diets shown in Table 1 for 2 weeks. Water and diets were offered ad libitum. The test diets contained 3,316.7 mg of calcium, 836 mg of magnesium, 12.5 mg of iron, and 8.9 mg of zinc per kg diet. Basically, all diet contains 5% cellulose, insoluble dietary fiber, base on AIN-93G composition. Dietary fiber content of FS2 and FS2H, which were used for the experiment, were analyzed as 88 and 87%, respectively. Thus, assumed soluble dietary fiber content of 1.5% FS2/ FS2H diet and 3.0% FS2/FS2H diet were about 13 and 16 g per kg diet, respectively.
Feces were collected from day 4-7 (first period) and day 11-14 (second period) to measure apparent absorption rates of calcium (Ca), magnesium (Mg), iron (Fe) and zinc (Zn). Fecal samples were dry-ashed by heating linearly to 550°C for 6 h and kept at that temperature for 18 h, and mineral concentrations were measured by atomic absorption spectrophotometry (Z-5310, Hitachi Ltd., Tokyo, Japan). Apparent absorption rate was calculated as follows; Apparent absorption rate % ð Þ ¼ total mineral intake À fecal mineral excretion ð Þ = total mineral intake Â 100
At the end of experiment, rats were exsanguinated under anesthesia with pentobarbital between 10:00 and 12:00 . The organic acids in the cecal homogenate were measured by ion-exclusion chromatography method using high-performance liquid chromatography (Organic acid analyzing system, Shimadzu Corporation, Kyoto, Japan) as previously described [6] . The kidney was also removed and weighed. The liver and kidney were freeze-dried, dry-ashed, and concentrations of Fe in the liver and Ca in the kidney were measured by atomic absorption spectrophotometry as described above. This study was approved by the Hokkaido University Animal Committee, and animals were maintained in accordance with the guidelines of the Hokkaido University for the care and use of laboratory animals. Experiment 2: effect of resistant maltodextrin and cecectomy on apparent mineral absorption in rats Acclimatized rats, 32 in number, the same as Exp. 1 were divided into two groups. One group of 16 rats was cecectomized (CX) and the other group was sham-operated (Sham) [5] . Following 4-day recovery period, both CX and Sham rats were divided into 2 subgroups of 8, respectively, and given free access to either Ctr or 3% FS2H diet shown in Table 1 for 1 week. Feces were collected from day 4 to 7 to measure apparent mineral absorption as described in Exp. 1.
Statistical analyses
Values are expressed as mean ± SEM. The results of experiment 1 were analyzed by one-way ANOVA, and the results of experiment 2 were analyzed by two-way ANOVA, diet and cecectomy. The significance of differences between groups was evaluated by Tukey's HSD test.
Statistical software used was SPSS (Ver. 13.0J, SPSS Japan). Level of significance was taken as 5% or lower, two tailed.
Results
Experiment 1
Food intake and body weight gain were not different among five groups ( Table 2) . Fecal consistency was normal and neither diarrhea nor soft feces were observed. Apparent mineral absorption rates are shown in Table 3 . During the first period, apparent absorption rates of Ca, Mg and Fe were increased dose-dependently by ingestion of FS2 and FS2H, and apparent absorption rates in the all fiber groups were significantly higher compared to the Ctr group. Apparent absorption rates of Fe in the 3% FS2 and 3% FS2H groups were 122 and 117% greater compared to the Ctr group, respectively. Apparent Zn absorption was enhanced by the ingestion of FS2 regardless of dietary levels, while ingestion of FS2H dose-dependently increased the rates (Table 3) . During the second period, although Zn absorption was not significantly different among the groups, absorptions of other minerals were increased as the first period (Table 3) . Dried liver weight was not different among five groups, while Fe content in the liver was dose-dependently increased by ingestion of FS2 and FS2H, and Fe content in the 3% FS2 and 3% FS2H groups were greater compared with those in the Ctr group (Table 4) . Wet weight and Ca content in the kidney were not different among the groups.
Wet weights of cecal contents and cecal tissue were dose-dependently increased by ingestion of FS2 and FS2H, and both values in the 3% FS2 and 3% FS2H groups were significantly higher than those in the Ctr group (Table 5) . Cecal pH was decreased by the ingestion of FS2 and FS2H (Table 5 ). Pools of SCFA in the cecal contents were dosedependently increased by the ingestion of FS2 and FS2H. Increases in acetic and propionic acids were prominent, which reflected in total SCFA pool ( Table 6 ). Amount of lactic acid in the cecum was not significantly different; however, succinic acid was increased dose-dependently by the ingestion of FS2H rather than FS2. Each apparent Values are mean ± SE (n =
mineral absorption rate was positively correlated with cecal pool of SCFA, acetic and propionic acids, and negatively correlated with cecal pH (Table 7) .
Experiment 2
Food intake and body weight gain were not different among four groups (Table 8) . Fecal consistency was normal and neither diarrhea nor soft feces were observed. Apparent mineral absorption rates are shown in Table 9 .
As a result of two-way ANOVA, all mineral absorptions were significantly influenced by the ingestion of FS2H. Apparent absorptions of Ca and Mg had significant interactions with diet and cecectomy, while Fe and Zn did not. As a result of multiple comparisons, absorptions of Ca and Mg were significantly increased by the ingestion of FS2H in sham-operated group, while CX group was not.
Discussion
In this rat balance study, apparent absorption rates of Ca, Mg, Fe, and Zn were enhanced by ingestion of FS2 and HS2H in dose-dependent manner. The enhancements of Ca and Mg absorptions were sustained during second period, while Fe and Zn absorptions were reduced in the second period with the same tendencies as the first period. Reduced absorption of Fe and Zn might have resulted from downregulation of the absorptive system. Watanabe et al. Values are means ± SE (n = 8). Within a row, values not sharing a common letter are significantly different at P \ 0.05 Values are means ± SE (n = 8). Within a row, values not sharing a common letter are significantly different at P \ 0.05 FS2 Resistant maltodextrin, FS2H hydrogenated resistant maltodextrin [19] reported the same phenomenon with rat fed on phosphorylated guar gum hydrolysate. Iron is predominantly stored in the liver. We therefore measured the iron content in the liver. Since both Fe content in the liver and apparent Fe absorption were dosedependently increased, it is indicated that ingestion of resistant maltodextrin enhanced Fe absorption and part of Fe absorbed was stored in the liver. Meanwhile it is possible that enhanced calcium absorption cause renal calculus because of deposition of calcium in the kidney. In this study, ingestion of resistant maltodextrin did not change calcium content in the kidney; thus, resistant maltodextrin has no risk of causing renal calculus. Values are means ± SE (n = 8). Within a row, values not sharing a common letter are significantly different at P \ 0.05 FS2 Resistant maltodextrin, FS2H hydrogenated resistant maltodextrin a Total SCFAs includes acetic acid, propionic acid, n-butyric acid Enhanced calcium and magnesium absorption by soluble dietary fiber and indigestible oligosaccharides is related to SCFA production by cecal fermentation [5, 20] . We observed the positive relationships between apparent mineral absorption and SCFA. A previous study showed that a half of resistant maltodextrin reaching the cecum is fermented by intestinal bacteria, and increases cecal weight and cecal SCFA content [17] . In the present study, we found dose-dependent cecal expansion with increasing SCFA pool by ingestion of resistant maltodextrin. Enlarged cecal tissue causes expansion of absorption area and leads to promotion of mineral absorption. It has been reported that one factor for increase in calcium absorption is expanded luminal area with increasing cecal epithelial cells [8] . Luminal SCFA is known to promote epithelial cell proliferation [12] . Additionally, acetic and propionic acids were increased by the ingestion of resistant maltodextrin, and positively correlated with mineral absorption. Trinidad et al. [14] reported that acetate and propionate infused into the rectum enhanced calcium absorption. These results suggest that acetate and propionate produced from resistant maltodextrin are involved in the increasing mineral absorption. Acetate/propionate ration was higher in control group than four other groups. It is known that production of propionate tends to be enhanced by ingestion of resistant maltodextrin, which support the result of this study.
FS2 Resistant maltodextrin, FS2H hydrogenated resistant maltodextrin
We examined influence of cecectomy on changes in apparent mineral absorption. FS2H is used in this experiment since there was no difference between FS2 and FS2H in the effect of mineral absorption in experiment 1. The absorptions of Ca and Mg were increased by FS2H ingestion in Sham rats, but not in CX rats. Similar result was observed in the experiment with rats fed guar gum hydrolysate (GGH), indicating that promotion of Ca and Mg absorption totally depends on the cecum [5] . Enhancement of Ca and Mg absorption by resistant maltodextrin is concerned with the cecum, which is based on the mechanism described above. In contrast to Ca and Mg absorption, results of two-way ANOVA analyses revealed that apparent absorptions of Fe and Zn were influenced by diet with no interaction between diet and cecectomy, showing resistant maltodextrin is still effective in the cecectomized rats. Possibly, gastrointestinal tracts other than the cecum contribute to the enhancement of Fe and Zn absorption. Generally, Fe and Zn are mainly absorbed from upper part of the small intestine, and it has been reported that Zn solubility in the cecum do not correlate with Zn absorption [4] . Not only cecal fermentation, but also other mechanisms may be associated with the promotion of Fe and Zn absorption by resistant maltodextrin. Although effect of resistant maltodextrin on gastrointestinal tracts other than the cecum is not examined in this study, direct enhancement mechanism on the upper part of the small intestine may contribute to the additional effect on Fe and Zn absorption. Effect of resistant maltodextrin on mineral absorption in the upper part of the small intestine should be examined in future.
Additionally, there are possibilities that mineral absorptions are also enhanced in human since resistant maltodextrin is reported to be fermented by intestinal bacteria in human. We have also conducted a preliminary human study with a small number of subjects and the favorable effect on Fe absorption was observed. We would like to study further on effectiveness of long-term ingestion of resistant maltodextrin on iron-deficiency anemia as well.
Conclusion
We investigated effects of resistant maltodextrin and hydrogenated resistant maltodextrin on apparent absorptions of Ca, Mg, Fe and Zn in rats by balance study and reached the conclusion as follows. (1) Ingestion of resistant maltodextrin and hydrogenated resistant maltodextrin dosedependently increases apparent mineral absorption. (2) Mechanism of Ca and Mg absorption by resistant Values are mean ± SE (n = 8). Within a column, values not sharing a common letter are significantly different at P \ 0.05 FS2 Resistant maltodextrin, FS2H hydrogenated resistant maltodextrin maltodextrin is dependent on cecal fermentation; however, gastrointestinal tract other than the cecum also contributes to the enhancement for Fe and Zn absorption.
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